TISSUE BARRIERS
2020, VOL. 8, NO. 4, e1805997 (12 pages)
https://doi.org/10.1080/21688370.2020.1805997

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

’ W) Check for updates

HMGB1 enhances epithelial permeability via p63/TGF- signaling in lung and
terminal bronchial epithelial cells

Yuki Kodera®?, Takayuki KohnoP, Takumi Konno®, Wataru Arai®<, Mitsuhiro Tsujiwaki9, Yuma Shindo®~,
Hirofumi Chiba?, Maki MiyakawaP®¢, Hiroki Tanaka®, Yuji Sakuma’, Atsushi Watanabe<, Hiroki Takahashi?,
and Takashi Kojima®

2Department of Respiratory Medicine and Allergology, Sapporo Medical University School of Medicine, Sapporo, Japan; PDepartment of Cell
Science, Research Institute for Frontier Medicine, Sapporo Medical University School of Medicine, Sapporo, Japan; “Department of Thoracic
Surgery, Sapporo Medical University School of Medicine, Sapporo, Japan; “Department of Pathology, Sapporo Medical University School of
Medicine, Sapporo, Japan; ¢IBD Center, Sapporo Kosei General Hospital, Sapporo, Japan; Department of Molecular Medicine, Research Institute
for Frontier Medicine, Sapporo Medical University School of Medicine, Sapporo, Japan

ABSTRACT

High mobility group box 1 (HMGB1) is involved in the induction of airway inflammation and injury
in patients with chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis
(IPF). HMGB1 increased by transforming growth factor-B1 (TGF-B1), impairs airway epithelial
barrier function in the lung. In the present study, to investigate how HMGB1 affects the barrier
of normal human lung epithelial (HLE) cells, monolayer cells (2D culture) and bronchial-like
spheroid cells (2.5 D Matrigel culture), which have lumen formation, were pretreated with TGF-
B type | receptor kinase inhibitor EW-7197 before treatment with HMGB1. In 2D culture, treatment
with HMGB1 decreased expression of angulin-1/LSR, TRIC and CLDN-1, —4, —7 and increased that
of CLDN-2. Pretreatment with EW-7197 prevented the changes of all tight junction molecules
induced by HMGB1. In 2.5D Matrigel culture, treatment with HMGB1 induced permeability of
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FITC-dextran (FD-4) into the lumen, whereas pretreatment with EW-7197 prevented the hyper-
permeability of FD-4 into the lumen caused by HMGB1. In 2.5D Matrigel culture, knockdown of
transcription factor p63 prevented the hyperpermeability induced by HMGB1 as well as pretreat-
ment with EW-7197. In the 2D culture of HLE cells with HMGB1, knockdown of p63 increased the
level of angulin-1/LSR and CLDN-4, while pretreatment with EW-7197 enhanced the increase of
CLDN-4 induced by knockdown of p63. Immunohistochemical analysis of IPF, CLDN-2, HMGB1
and p63 revealed that their levels were higher in the regenerative epithelium of the terminal
bronchial region than in normal epithelium. HMGB1 induces epithelial permeability of HLE cells
via p63/TGF-f signaling in normal lung and IPF.

Introduction HMGBI1 impairs airway epithelial barrier func-
tion through activation of the receptor for
advanced glycation end-products (RAGE)/ERK
pathway.® The RAGE pathway is involved in lung
epithelial wound repair via enhanced cell migration

and cell proliferation.” TNF-a stimulates the pro-

High mobility group box 1 (HMGB1) is one of the
damage-associated molecular patterns (DAMPs)
and is also a proinflammatory mediator belonging
to the alarmin family'. HMGBI is involved in the
induction of airway inflammation and injury in
patients with allergy, asthma, chronic obstructive
pulmonary disease (COPD), idiopathic pulmon-

duction and secretion of HMGBLI in cultured air-
way epithelial cells.® HMGBI1 expression is

ary fibrosis (IPF) and infection of respiratory virus
infections.”* The HMGBI levels in sputum and
serum are higher in patients with asthma, COPD,
and IPF than in healthy subjects.>> However, the
effects of HMGBI on the epithelial barrier of nor-
mal human lung and IPF are unclear.

increased by transforming growth factor-p1 (TGF-
B1) and knockdown of HMGBI1 reverses TGEF-
Bl-induced epithelial-mesenchymal transition
(EMT) in human alveolar epithelial cell line A549
and normal human bronchial epithelial cell line
BEAS-2B.” EW-7197 is a TGF-B type I receptor
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kinase inhibitor with potential anti-inflammatory
and antifibrotic properties.'® However, it is not yet
known whether EW-7197 prevents the epithelial
barrier disruption triggered by HMGBI in inflam-
matory pulmonary diseases.

Lungs are composed of a system of branched

tubes that guide the inhaled air toward alveoli and
contribute to the gas exchange. The proximal and
distal regions of the lung epithelial cells specialized
for different functions: basal, secretory and ciliated
cells in the conducting airways and type II and type
I cells lining the alveoli.'' The bronchiolar and
alveolar epithelium is positive for Ck7, Ck8, Ck18
and Ck19."” The barrier function of lung epithe-
lium depends on tight junctions. These heteromeric
tight junction protein complexes form the sealing
interface between adjacent epithelial cells in the

bronchiolar and alveolar epithelium."?

The tricellular tight junction molecules angulin-
1/lipolysis-stimulated lipoprotein receptor (LSR),
and tricellulin (TRIC) and bicellular tight junction
molecules occludin (OCLN) and claudins (CLDNs)
form the airway epithelial barrier including lung/
bronchial epithelial cells. CLDN's are major compo-
nents of TJs in epithelial and endothelial cells."*
CLDN-2 is expressed in the tight junctions of
leaky epithelia, where it forms cation-selective and
water permeable paracellular channels.'> CLDN-2
expression is modulated by a variety of
conditions.'® In the normal lung, bronchiolar
epithelial cells express CLDN-1, -2, -3, —4, and
-7, whereas CLDN-3, —4, and —18 are expressed
in normal alveolar epithelium, mainly in type II
pneumocytes.'”'® CLDN-4 has a positive correla-
tion with alveolar fluid clearance.'” It augments
alveolar epithelial barrier function and is induced
in acute lung injury.20 In IPF, an increase in CLDN-
2 expression in bronchiolar and alveolar epithelium
and a decrease in CLDN-4 expression in type II
pneumocytes are observed.”’ Angulin-1/LSR con-
tributes to the epithelial barrier.”” We previously
reported that HMGB1-downregulated angulin-1/
LSR induces epithelial barrier disruption via
CLDN-2 in airway epithelial Calu-3 cells.”’
However, the detailed roles of angulin-1/LSR

remained unknown in the normal human lung
and IPF.

Transcription factor p63, which is a member of
the p53 family, plays a crucial role in the prolifera-
tion and differentiation of various epithelial basal
cells.** p63 regulates the epithelial barrier via var-
ious signaling pathways in the upper airway
epithelium.*>*® p63 contributes to the formation
and maintenance of differentiated pseudostratified
bronchial epithelium and epithelial remodeling.*”
In bronchioles of IPF lungs, the numbers of p63-
positive cells are increased.”” Some p63-positive
basal cells undergo EMT, and knockdown of p63
prevents the phenotypic switch in bronchial epithe-
lial cells.”®

In the present study, to investigate how HMGBL1
affects the barrier of normal human lung epithelial
(HLE) cells, monolayer cells (2D culture) and bron-
chial-like spheroid cells (2.5 D Matrigel culture),
which have lumen formation, were derived from
human lung tissues and the changes of the epithelial
permeability and tight junction molecules were
examined. We finally promote the development of
a therapy for lung inflammation and injury in
patients with IPF. For this purpose, 2.5D Matrigel
culture of normal HLE cells is a useful model in vitro.

Materials and methods
Ethics statement

The protocol for the human study was reviewed and
approved by the ethics committee of the Sapporo
Medical University School of Medicine. Written
informed consent was obtained from each patient
who participated in the investigation. All experi-
ments were carried out in accordance with the
approved guidelines and the Declaration of Helsinki.

Antibodies and reagents

A rabbit polyclonal anti-lipolysis-stimulated lipopro-
tein receptor (LSR) antibody was obtained from
Novus Biologicals (Littleton, CO, USA). Rabbit poly-
clonal anti-claudin (CLDN)-2 and mouse monoclonal
anti-CLDN-2 (Clone 12H12) and occludin (OCLN)
(Clone OC-3 F10) antibodies were obtained from
Zymed Laboratories (San Francisco, CA, USA).
Recombinant human HMGBI1 was from Sigma-



Aldrich (St. Louis, MO, USA). Mouse monoclonal
anti-p63 (Clone DAK-p63) and anti-Ck7 (Clone OV-
TL 12/13) antibodies were from Dako A/S (Glostrup,
Denmark). Rabbit polyclonal anti-p63 and anti-
HMGBI antibodies were from Abcam (Cambridge,
MA, USA). A rabbit polyclonal anti-p40 (ANp63)
antibody was from Nichirei Biosciences Inc. (Tokyo,
Japan). The TGEF- receptor type 1 inhibitor EW-7197
(N-((4-([1,2,4] triazolo [1,5-a] pyridin-6-yl)-5-(6-
methylpyridin-2-yl)-1 H-imidazol-2-yl) methyl)-2-
fluoroaniline) was obtained from Cayman Chemical
(Ann Arbor, MI). The anti-human-TNF-a mAb ada-
limumab (ADA, Humira®) was purchased from Eisai
Co., Ltd. (Tokyo, Japan). Alexa 488 (green)-
conjugated anti-rabbit IgG and Alexa 594 (red)-
conjugated anti-mouse IgG antibodies and Alexa 594
(red)-conjugated phalloidin were from Molecular
Probes, Inc. (Eugene, OR). HRP-conjugated polyclo-
nal goat anti-rabbit IgG was from Dako A/S (Glostrup,
Denmark). FITC-dextran (FD-4, MW 4.0 kDa) was
obtained from Sigma-Aldrich Co. (St. Louis, MO).
The detailed information of antibodies and reagents
is indicated as supplemental Table 1 and 2.

Isolation and culture of primary cultured human
lung epithelial (HLE) cells

Human lung tissues were obtained from patients
with lung carcinoma who underwent lung resection
in the Sapporo Medical University hospital.
Informed consent was obtained from all patients
and the study was approved by the ethics commit-
tee of Sapporo Medical University.

Macroscopic normal lung tissues surrounding
lung carcinoma were minced into pieces 2 to
3 mm® in volume and washed with PBS containing
100 U/ml penicillin and 100 ug/ml streptomycin
(Lonza Walkersville, Walkersville, MD) three
times. These minced tissues were suspended in
10 ml of Hanks balanced salt solution with
0.5 pg/ml DNase I and 0.04 mg/ml Liberase
Blendzyme 3 (Roche, Basel, Switzerland) and then
incubated with bubbling of mixed O, gas contain-
ing 5% CO, at 37°C for 10 minutes. The dissociated
tissues were subsequently filtered with 300-pm
mesh followed by filtration with 70-um mesh (Cell
Strainer, BD Biosciences, San Jose, CA). After cen-
trifugation at 1000 x g for 4 minutes, isolated cells
were cultured in bronchial epithelial basal medium
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(BEBM, Lonza Walkersville) containing 10% fetal
bovine serum (FBS) (CCB, Nichirei Bioscience,
Tokyo, Japan) and supplemented with BEGM
Single-Quots (Lonza Walkersville; including 0.4%
bovine pituitary extract, 0.1% insulin, 0.1% hydro-
cortisone, 0.1% gentamicin, amphotericin-B [GA-
1000], 0.1% retinoic acid, 0.1% transferrin, 0.1%
triiodothyronine, 0.1% epinephrine, and 0.1%
human epidermal growth factor), 100 U/ml peni-
cillin and 100 pg/ml streptomycin on 60-mm cul-
ture dishes (Corning Life Sciences, Acton, MA),
coated with rat tail collagen (500 pg of dried ten-
don/ml of 0.1% acetic acid). Following the above
protocol, tissue dissociation and cell isolation were
repeated for the same sample a maximum of seven
times. The cells were placed in a humidified 5%
C0,:95% air incubator at 37°C. The retroviral vec-
tor BABE-hygro-hTERT (kindly provided by
Dr. Robert Weinberg) was used. The viral super-
natant was produced from an ecotropic packaging
cell line by transfection of plasmid DNA as
reported previously.”’ The packaging cells were
cultured in Dulbecco’s modified Eagle’s medium
containing 10% FBS and supplemented with
100 U/ml penicillin and 100 ug/ml streptomycin.
At 24 hours after plating on 60-mm dishes, HLE
cells in primary culture were exposed overnight to
the viral supernatant containing the retrovirus.
After being washed with serum-free BEBM med-
ium, the hTERT-transfected HLE cells were cul-
tured in serum-free BEBM medium supplemented
with the above-mentioned factors and 2.5 pg/ml
Amphotericin-B. hTERT-HLE cells became conflu-
ent on the 60-mm culture dishes in 2 to 3 weeks, the
first passage was done using 0.05% trypsin-EDTA
(Sigma-Aldrich) in 35-mm culture dishes or 35-
mm culture glass-coated dishes (Iwaki; Chiba,
Japan) and was used for the experiments at days 7
to 14 after plating. Some cells treated with or with-
out 10% FBS were treated with 10 uM EW-7197.

RNA interference studies

For RNA interference studies, small interfering RNA
(siRNA) duplexes targeting the mRNA sequences of
human p63 were purchased from Thermo Fisher
Scientific (Waltham, MA). The sequences were
as follows: siRNA-A of p63 (forward sense 5-CCCA
CGCAACCCAUCGUCAUCUGGA-3', reverse sense



€1805997-4 Y. KODERA ET AL.

5'-UCCAGAUGACGAUGGGUUGCGUGGG-3'). A
scrambled siRNA sequence (BLOCK-iT Alexa Fluor
fluorescent, Invitrogen) was employed as control
siRNA. At one day before transfection, HLE cells
were plated in medium without antibiotics such that
they would be half confluent at the time of transfec-
tion. The cells were transfected with 100 nM siRNAs
using Lipofectamine RNAiIMAX (Invitrogen) as
a carrier according to the manufacturer’s instructions
for 48 h. Some cells were pretreated with 10 pM EW-
7197 before treatment with 100 nM HMGBI.

2.5-dimensional (2.5D) Matrigel culture

Thirty-five-mm culture dishes or 35-mm culture
glass-coated dishes were coated with 100%
Matrigel (30 pl or 15 pl) at 4 C° and incubated at
37 C° for 30 min. HLE cells (5 x 10*) were plated in
BEGM medium with 10% Matrigel and cultured for
4 days in BEGM medium without FBS. Some cells
were pretreated with 10 uM EW-7197 or 40 pg of
the TNFa antibody before treatment with 100 uM
HMGBI. In all experiments, 10 spheroids were
examined.

Immunocytochemistry

The cells in the 35-mm glass-coated wells (Iwaki;
Chiba, Japan) were fixed with cold acetone and
ethanol (1:1) at —20°C for 10 min. After rinsing in
PBS, the cells were incubated with anti-p63, anti-
Ck7, anti-LSR and anti-OCLN antibodies (1:100)
and Alexa 594-phalloidin (1:200) overnight at 4°C.
Alexa Fluor 488 (green)-conjugated anti-rabbit
IgG and Alexa Fluor 592 (red)-conjugated anti-
mouse IgG (Invitrogen) were used as secondary
antibodies. The specimens were examined and
photographed with an Olympus IX 71 inverted
microscope (Olympus Co.; Tokyo, Japan) and
a confocal laser scanning microscope (LSM5
PASCAL; Carl Zeiss, Jena, Germany).

Fluorescein isothiocyanate (FITC) permeability
assay

To assess barrier function, the permeability of
Fluorescein isothiocyanate (FITC)-dextran (FD-4,
MW 4.0 kDa) from the outside into the spheroid
lumen was examined by using 2.5D Matrigel

culture of HLE cells on 35-mm glass-coated dishes.
2.5D Matrigel culture of HLE cells was incubated in
the medium with 1% FD-4 at 37 C° for 2 h. Ten
spheroids of all experiments were photographed
and measured by a confocal laser scanning micro-
scope with imaging soft (LSM5 PASCAL; Carl
Zeiss, Jena, Germany).

RNA isolation and reverse transcription polymerase
chain reaction (RT-PCR) analysis

Total RNA was extracted and purified using TRIzol
(Invitrogen, Carlsbad, CA). One microgram of total
RNA was reverse-transcribed into ¢cDNA using
a mixture of oligo (dT) and Superscript II reverse
transcriptase according to the manufacturer’s recom-
mendations (Invitrogen). The synthesis of each
cDNA was performed in a total volume of 20 pl for
50 min at 42°C and terminated by incubation for
15 min at 70°C. PCR was performed in a 20-ul total
mixture containing 100 pM primer pairs, 1.0 ul of the
20-pl total RT product, PCR buffer, dNTPs and
Taq DNA polymerase according to the manufac-
turer’s recommendations (Takara, Kyoto, Japan).
Amplifications were for 25-35 cycles depending on
the PCR primer pair with cycle times of 15 s at 96°C,
30 s at 55°C and 60 s at 72°C. The final elongation
time was 7 min at 72°C. Seven microliters of the total
20-pl PCR product was analyzed by 1% agarose gel
electrophoresis with ethidium bromide staining and
standardized using a GeneRuler '™ 100 bp DNA
ladder (Fermentas, Ontario, Canada). The PCR pri-
mers used to detect CLDN-1, -2, -4, -7, LSR, TRIC,
and glucose-3-phosphate dehydrogenase (G3PDH)
had the sequences shown in Supplementary Table 1.

Western blot analysis

The cells were scraped from a 35 mm dish contain-
ing 400 pl of buffer (1 mM NaHCO; and 2 mM
phenylmethylsulfonyl fluoride), collected in micro-
centrifuge tubes, and then sonicated for 8 s. Aliquots
of 15 pl of 20 pg protein/lane for each sample were
separated by electrophoresis in 5-20% SDS polya-
crylamide gels (Wako, Osaka, Japan), and electro-
phoretically ~ transferred to a nitrocellulose
membrane (Immobilon; Millipore Co.; Bedford,
UK). The membrane was incubated with anti-LSR,
anti-TRIC, anti-CLDN-1, anti-CLDN-2, anti-CLDN



-4, anti-CLDN-7, anti-p63 and anti-actin antibodies
(1:1000) at 4°C overnight. Then it was incubated
with an HRP-conjugated anti-rabbit IgG antibody
at room temperature for 1 h. The immunoreactive
bands were detected using an ECL Western blotting
system (GE Healthcare, Little Chalfont, UK). The
bands were quantitated by densitometry and the
data normalized to actin.

Immunohistochemical analysis

Human lung tissues were obtained from eight
patients with idiopathic pulmonary fibrosis who
underwent lung resection at Sapporo Medical
University. Informed consent was obtained from
all patients and this study was approved by the
ethics committee of the university. The tissues
were embedded in paraffin after fixation with 10%
formalin in PBS. Briefly, 5-pum-thick sections were
dewaxed in xylene, rehydrated in ethanol, and
heated with Vision BioSystems Bond Max using
ER2 solution (Leica) in an autoclave for antigen
retrieval. Endogenous peroxidase was blocked by
incubation with 3% hydrogen peroxide in methanol
for 10 min. The tissue sections were then washed
twice with Tris-buffered saline (TBS) and pre-
blocked with Block Ace for 1 h. After washing
with TBS, the sections were incubated with anti-
LSR (1:100), anti-CLDN-2 (1:400), anti-HMGBI
(1:400) and anti-p63 (1:400) antibodies for 1 h.
They were then washed three times in TBS and
incubated using Vision BioSystems Bond Polymer
Refine Detection kit DS9800. After three washes in
TBS, a diamino-benzidine tetrahydrochloride
working solution was applied. Finally, the sections
were counterstained with hematoxylin. A negative
control was performed by replacing the first anti-
bodies with normal rabbit serum.

Data analysis

Signals were quantified using Scion Image Beta 4.02
Win (Scion, Frederick, MD). Each set of results
shown is representative of at least three separate
experiments. Results are given as means + SEM.
Statistical analysis was tested by one-way analysis
of variance (ANOVA) with the Tukey-Kramer
method. Statistical significance was set at *P < .05.
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Figure 1. Characterization of 2D culture of HLE cells without
FBS and effects of EW-7197 on tight junction molecules in 2D
culture of HLE cells without FBS. (a) Phase-contrast and immu-
nocytochemistry images for p63 and Ck7 in 2D culture of HLE
cells without FBS. Scale bar, 20 um. (b) RT-PCR for CLDN-1, -2,
—4, -7, —18, LSR, TRIC and G3PDH (G3) in 2D-culture of HLE
cells without FBS. M: 100 bp DNA ladder marker. (c)
Immunocytochemistry for OCLN and LSR in 2D-culture of
HLE cells (without FBS) treated with 10 uM EW-7197 for
24 h. (d) Western blotting for LSR, CLDN-1, -2, —4, -7, LSR,
TRIC and actin in 2D culture of HLE cells (without FBS) treated
with 10 uM EW-7197 for 24 h. The corresponding expression
levels of D are shown as bar graphs.

Results

Characterization of 2-dimensional (2D) culture of
primary cultured human lung epithelial (HLE) cells

We characterized the 2D culture of primary cultured
human lung epithelial (HLE) cells isolated from lung
specimens excised from lung cancer patients.
Immunostaining showed that basal cell marker p63
was expressed in the nuclei and epithelial marker
Ck7 was expressed in the cytoplasm (Figure 1a). RT-
PCR revealed mRNAs of bicellular tight junction
molecules (bTJs) CLDN-1, -2, —4, —7 and —18 and
tricellular tight junction molecules (tTJs) LSR and
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TRIC in the cells (Figure 1b). In Western blotting,
proteins of CLDN-1, -2, —4, -7, LSR and TRIC were
detected in the cells (Figure 1d). In the cells without
FBS, treatment with TGF- receptor type 1 inhibitor
10 pM EW-7197 induced bT] OCLN and LSR at the
membranes in immunostaining, while OCLN was
not detected in the control (Figure 1c). In Western
blotting, no changes of CLDN-1, -2, -4, -7, LSR and
TRIC were observed in the cells treated with 10 uM
EW-7197 compared to the control (Figure 1d).

control HMGB1 HMGB1+EW

a nvce1 D

control - EW-7197
CLDN-1 S——

CLDN-2 [ S
CLDN-4 ME———
CLDN-7 Se——

Lse -
tric (-

Actin S S — Merge

2.5
[ : control

) W : TGF-B
O: TGF-B

15 & +EW-7197

Figure 2. Effects of HMGB1 on tight junction molecules of 2D
culture of HLE cells with 10% FBS and characterization of 2.5D
Matrigel culture of HLE cells. (a) Western blotting for CLDN-1, —2,
—4, —7, LSR, TRIC and actin in 2D culture of HLE cells pretreated
with 10 pM EW-7197 2 h before treatment with 100 ng/ml HMGB1
for 24 h. The corresponding expression levels of A are shown as
bar graphs. control vs *p < .05, TGF-f vs #p < .05. (b)
Immunocytochemistry for OCLN and LSR in 2D culture of HLE
cells (with 10% FBS) pretreated with 10 uM EW-7197 2 h before
treatment with 100 ng/ml HMGB1 for 24 h. Scale bar, 20 pm. (c, d)
Phase-contrast images and immunocytochemistry for OCLN and
LSR and epithelial permeability assay using FITC-4kDa dextran (FD-
4) in 2.5D Matrigel culture of HLE cells. (c) Bronchial-like spheroid
cells. (d) alveolar-like spheroid cells. Scale bar, 20 pm.

Effects of HMGB1 and EW-7197 on expression of
bTJs and tTJs in 2D culture of HLE cells

We previously reported that HMGBI1 disrupts the
epithelial barrier with downregulated LSR and
upregulated CLDN-2 in airway Calu-3 cells.'” To
investigate whether HMGBI affected expression of
TJs in HLE cells, 2D cultures of HLE cells were
treated with 100 ng/ml HMGBI for 24 h. Western
blotting showed that treatment with HMGBI1
decreased expression of LSR, TRIC and CLDN-1,
—4, -7 and increased that of CLDN-2 (Figure 2a).
Furthermore, treatment with 10 pM EW-7197 pre-
vented the changes of all TJs induced by HMGB1
(Figure 2a). Immunostaining showed that treat-
ment with HMGB1 downregulated OCLN and
LSR at the membranes, whereas EW-7197 pre-
vented the changes (Figure 2b).

Characterization of 2.5-dimensional (2.5D) Matrigel
culture of HLE cells

To investigate the detailed effects of HMGBI1 on
HLE cells, we established a 2.5D Matrigel culture
system similar to the conditions in vivo. In this
culture system, HLE cells with bronchial-like mor-
phology and alveolar-like morphology were
observed (Figure 2c,d). In the bronchial-like spher-
oid cells, FD-4 permeability was not detected,
whereas in the alveolar-like cells, FD-4 was strongly
observed (Figure 2¢,d). Immunostaining showed
that, in the bronchial-like spheroid cells, OCLN
was strongly expressed at the luminal surface and
LSR was expressed throughout the membranes of
all cells (Figure 2c). In the alveolar-like cells, OCLN
and LSR were weakly detected at the cell borders
(Figure 2d).

Effects of HMGB1, EW-7197 and TNFa-antibody in
2.5D Matrigel culture of HLE cells

To investigate the effects of HMGB1, EW-7197 and
the TNFa-antibody on the 2.5D Matrigel culture of
HLE cells, the bronchial-like spheroid cells were
used and pretreated with 10 uM EW-7197 or
40 ng/ml TNFa-antibody before treatment with
100 ng/ml HMGBI1 for 24 h. Treatment with
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Figure 3. Effects of EW-7197 and TNFa-antibody on epithelial
permeability and tight junction molecules treated with HMGB1
in 2.5D Matrigel culture of HLE cells. (a) Phase-contrast images
and FD-4 assay of 2.5D Matrigel culture of HLE cells pretreated
with 10 uM EW-7197 (EW) 2 h before treatment with 100 ng/ml
HMGB1 for 24 h. Scale bar, 20 um. (b) Immunocytochemistry for
OCLN and LSR in 2.5D Matrigel culture of HLE cells pretreated
with 10 pM EW-7197 (EW) 2 h before treatment with 100 ng/ml
HMGBT1 for 24 h. Scale bar, 20 pm. (c) Phase-contrast image and
FD-4 assay in 2.5D Matrigel culture of HLE cells pretreated with
40 pM TNFa-antibody (TNFaab) 2 h before treatment with
100 ng/ml HMGB1 for 24 h. Scale bar, 20 um. (d)
Immunocytochemistry for OCLN and LSR in 2.5D Matrigel culture
of HLE cells pretreated with 40 uM TNFa-antibody (TNFaab) 2 h
before treatment with 100 ng/ml HMGB1 for 24 h. Scale bar,
20 pum. (e) Western blotting for CLDN-1, -2, —4, -7, LSR, TRIC and
actin in 2.5D Matrigel culture of HLE cells cells pretreated with
10 uM EW-7197 2 h before treatment with 100 ng/ml HMGB1 for
24 h. (f) Western blotting for CLDN-1, —2, —4, —7, LSR, TRIC and
actin in 2.5D Matrigel culture of HLE cells pretreated with 40 uM
TNFa-antibody (TNFaab) 2 h before treatment with 100 ng/ml
HMGB1 for 24 h. The corresponding expression levels of E and
F are shown as bar graphs. Control vs *p < .05.

HMGBI induced the permeability of FD-4 into the
lumen of 8 spheroids/10 spheroids, whereas treat-
ment with EW-7197 or the TNFa-antibody pre-
vented the hyperpermeability of FD-4 into the
lumen of 7 spheroids/10 spheroids or 8 spheroids/
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10 spheroids induced by HMGBI1 (Figure 3a,c,
supplemental Figure 2). Immunostaining showed
that, in treatment with HMGB1, LSR was decreased
at the membranes, while OCLN was detected at the
luminal surface of 8 spheroids/10 spheroids (Figure
3b). Treatment with EW-7197 or the TNFa-
antibody prevented the changes of TJs in 7 spher-
0ids/10 spheroids or 8 spheroids/10 spheroids
caused by HMGB1 (Figure 3d). Western blotting
of the 2.5D Matrigel culture showed that treatment
with EW-7197 or the TNFa-antibody decreased

HMGB1

a control

- . .

siRNA-p63

HMGBI1+EW

siRNA-p63

EW

cont - HMGB1 - HMGBI1

pe3 R
Lsk - D D D

CLDN-4

: control

: siRNA-p63

: siRNA-p63
+HMGBI1

: siRNA-p63
+EW

: siRNA-p63
+EW+HMGB1

B m ODOoOO

p63 LSR CLDN-4

Figure 4. Effects of p63 knockdown on epithelial permeability and
tight junction molecules in 2.5D Matrigel culture of HLE cells. (a)
Phase-contrast images and FD-4 assay in 2.5D Matrigel culture of
HLE cells transfected with siRNA of p63 for 48 h and then pretreated
with 10 uM EW-7197 2 h before treatment with 100 ng/ml HMGB1
for 24 h. Scale bar, 20 um. (b) Western blotting for p63, LSR, CLDN-4
and actin in 2.5D Matrigel culture of HLE cells transfected with siRNA
of p63 for 48 h and then pretreated with 10 uM EW-7197 2 h before
treatment with 100 ng/ml HMGB1 for 24 h. The corresponding
expression levels of B are shown as bar graphs.
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expression of CLDN-2 compared to the control and
only HMGBI-treatment (Figure 3e,f).

Knockdown of p63 prevented the permeability of
HLE cells induced by HMGB1

To investigate whether p63 affected the permeability
of HLE cells induced by HMGBI, the 2.5D Matrigel
culture of HLE cells was pretransfected with siRNA
of p63 and Scrambled siRNA as the control for 48 h
before treatment with 100 ng/ml HMGB1 or 100 ng/
ml HMGBI1 + 10 uM EW-7197 for 24 h. Knockdown
of p63 prevented the hyperpermeability induced by
treatment with HMGBI, like treatment with EW-
7197 (Figure 4a, supplemental Figure 3), while
knockdown of p63 did not affect the permeability.
In Western blotting of the 2D culture of HLE cells,
knockdown of p63 was found to increase expression
of LSR and CLDN-4 (Figure 4b). Furthermore, EW-
7197 enhanced the increase of CLDN-4 induced by
knockdown of p63 (Figure 4b). In Scrambled siRNA
controls, no change was observed.

Expression patterns of LSR, CLDN-2, HMGB1 and
p63 in the peripheral bronchial epithelium of
idiopathic pulmonary fibrosis (IPF)

We performed immunohistochemical analysis for
LSR, CLDN-2, HMGBI and p63 in the normal per-
ipheral bronchial epithelium and that of idiopathic
pulmonary fibrosis (IPF). The immunohistochem-
ical results for IPF showed that, in the regenerative
epithelium of the terminal bronchial region, the
expression of CLDN-2, HMGB1 and p63 was higher
than that of normal epithelium, whereas LSR was not
detected. In degenerative epithelium where p63 was
not detected, LSR, CLDN-2, HMGBI1 levels were
similar to those in the normal epithelium (Figure 5).

Discussion

In the present study, HMGBI1 induced epithelial
permeability of normal HLE cells with downregula-
tion of LSR, TRIC and CLDN-1, -4, -7 and upre-
gulation of CLDN-2 in 2D and 2.5D cultures. The
TGEF-B type I receptor kinase inhibitor EW-7197
prevented the changes of hyperpermeability and
expression of tight junction molecules induced by

Figure 5. Expression and distribution of LSR, CLDN-2, HMGB1 and
p63 in human normal lung tissues and IPF lung tissues.
Hematoxylin-eosin (H.E.) staining and immunohistochemical stain-
ing for p63, CLDN-2 and LSR in terminal bronchial tissues of human
normal lung and terminal bronchial tissues of IPF lung. Bar: 50 pm.

HMGBI. The knockdown of p63 prevented the
hyperpermeability by HMGB1 and enhanced
expression of LSR and CLDN-4. In the immuno-
histochemical analysis of IPF, CLDN-2, HMGB1
and p63 were more highly expressed in the regen-
erative epithelium of the terminal bronchial region
than in the normal epithelium and degenerative
epithelium, where p63 was not detected, and LSR,
CLDN-2 and HMGBI levels were observed to be
similar to the normal condition.

HMGBI is a proinflammatory mediator belonging
to the alarmin family.”” The HMGBI level in sputum
or serum is higher in patients with asthma, COPD,
and IPF than in healthy subjects.””* In airway epithe-
lial cell line Calu-3, HMGB1-downregulated angulin-
1/LSR induces epithelial barrier disruption via



the upregulation of CLDN-2 expressed in the tight
junctions of leaky epithelia.®> The knockdown of
angulin-1/LSR by the siRNA decreases the epithelial
barrier with the upregulation of CLDN-2 in Calu-3
cells.” Loss or downregulation of angulin-1/LSR dis-
rupts the barriers with the relocalization of the tTJ]
molecule tricellulin in various cell types.”**' HMGBI-
mediated barrier hyperpermeability is caused by the
downregulation of ZO-1, OCLN and CLDN-1 in
primary nasal epithelial cells.”* In the present study,
HMGBI induced epithelial permeability of normal
HLE cells with downregulation of LSR, TRIC and
CLDN-1, —4, -7 and upregulation of CLDN-2.
These findings suggested that in normal HLE cells,
HMGBI disrupted the epithelial barrier and induced
the permeability via downregulation of the tight type
of tight junction molecules LSR, TRIC, CLDN-1, —4,
—7 and upregulation of the leaky type tight junction
molecule CLDN-2 in lung/bronchial epithelial cells.
Furthermore, in bronchial-like spheroids in 2.5D
Matrigel culture of normal HLE cells, HMGB1 mark-
edly decreased LSR expression at the membranes with
the induction of the permeability of FD-4 into the
lumen.

EW-7197 is a transforming growth factor-f type
I receptor kinase inhibitor with potential anti-
inflammatory and antifibrotic properties.” It pre-
vents ulcerative colitis-associated fibrosis and
inflammation®” and prevents changes in the distri-
bution of angulin-1/LSR and the epithelial barrier
function by TGF-B in a pancreatic cancer cell line.**
It also prevents the epithelial barrier disruption due
to downregulated angulin-1/LSR and upregulated
CLDN-2 induced by HMGBI in Calu-3 cells.”” In
the present study, EW-7197 induced expression of
OCLN and LSR at the membranes without a change
of the protein level in normal HLE cells without
FBS. EW-7197 prevented the changes of hyperper-
meability and tight junction molecules induced by
HMGBI in normal HLE cells with FBS. TGF-p1
alters the epithelial barrier with the modification of
CLDNss in various cells.’>>® In the present study of
normal HLE cells without FBS, treatment with
TGEF-B1 decreased expression of CLDN-1, -2, -7
and EW-7197 prevented the changes of all tight
junction molecules (Supplemental Figure 1).
These results indicated that in normal HLE cells,
HMGBI affected epithelial barrier and tight junc-
tion molecules via TGF-p signaling and that EW-
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7197 could prevent the epithelial barrier disruption
induced by HMGBI.

HMGBI enhances the release of TNFa and IL-1f
in macrophages via TLR4.”>” In the present experi-
ment, an anti-TNFa antibody as well as EW-7197
prevented the hyperpermeability induced by
HMGBI in 2.5D Matrigel culture of normal HLE
cells. In this culture system, treatment with the
anti-TNFa antibody or EW-7197 both also down-
regulated the expression of CLDN-2.

Transcription factor p63 plays a crucial role in the
proliferation and differentiation of various epithelial
basal cells.*>*® p63 contributes to the formation and
maintenance of differentiated pseudostratified bron-
chial epithelium and epithelial remodeling.”* In
bronchioles of IPF lungs, the numbers of p63-
positive cells are increased.”” Some p63-positive basal
cells undergo EMT in bronchial epithelial cells.”® p63
is also upregulated in the airway epithelium of chronic
rhinosinusitis (CRS) and nasal polyps.*

On the other hand, knockdown of p63 prevents
EMT in bronchial epithelial cells.”” Furthermore,
knockdown of p63 induces CLDN-1 and —4 with
Sp1 activity and enhanced epithelial barrier function
in normal human nasal epithelial cells.*” It is thought
that p63 negatively regulates the epithelial tight junc-
tional barrier of the airway epithelium.> In the present
study, knockdown of transcription factor p63 pre-
vented the hyperpermeability by HMGB1 and
increased expression of angulin-1/LSR and CLDN-4
in normal HLE cells. Furthermore, in immunohisto-
chemical analysis of IPF, levels of CLDN-2, HMGB1
and p63 were found to be higher in the regenerative
epithelium of the terminal bronchial region than in
the normal epithelium and degenerative epithelium,
where p63 was not detected, LSR, and CLDN-2 and
HMGBI1 levels were observed to be similar to those in
the normal epithelium. These findings suggested that
HMGBI in part contributed to the epithelial perme-
ability and tight junction molecules via p63 in normal
lung and IPF.

HMGBI is a non-histone nuclear protein that
binds to DNA in the nucleus and indirectly regu-
lates the activities of various transcription factors.*®
It is possible that HMGBI1 may regulate transcrip-
tion factor p63 in lung/bronchial epithelial cells,
although that was unclear in the present study.

In conclusion, our findings indicated that
HMGBI affected the epithelial barrier and tight
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junction molecules via p63/TGF-f signaling in nor-
mal HLE cells. Treatment with EW-7197 or knock-
down of p63 prevented the epithelial barrier
disruption induced by HMGBI in 2.5D Matrigel
culture of normal HLE cells. p63/TGF-f signaling is
an attractive target for the treatment of inflamma-
tory lung diseases. Our findings may lead to the
development of a therapy for lung inflammation
and injury in patients with IPF, although further
study is necessary. 2.5D Matrigel culture of normal
HLE cells is similar to peripheral bronchial struc-
tures in vivo and might be a useful in vitro model
for studying IPF and other lung disease.
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